The occurrence, isolation, and characteristics of an aerobic, mesophilic, spore-forming bacillus capable of separating wool and hair into their constituent cuticular and cortical cells are described.
I. INTRODUCTION
Native wool is characteristically resistant to attack by enzymes. This unreactivity can be related to "the existence within wool of a compact threedimensional polymeric structure" (Geiger et ale 1941) which is the result of intermolecular disulphide and hydrogen bonds (Crewther 1956 ).
Of the microorganisms known to degrade wool the majority occur among the dermatophytes such as Microsporum gypseum and members of the genus Trichophyton (White, Mandels, and Siu 1950; Vanbreuseghem 1952) . Keratinolytic enzymes have been described from Aspergillus flavus and Aspergillus niger (Koh, Santoro, and Messing 1958) and the growth of Oandida albicans on keratin as sole source of nitrogen has been reported (Kapica and Blank 1957) . Aerobic, mesophilic, spore-forming members of the genus Bacillus have also been implicated in the degradation of wool. Waters (1932) described an organism resembling B. vulgatus which was found to cause "pink rot" of wool, whilst Hirschmann, Zametkin, and Rogers (1944) found that degreased, steam-sterilized wool in the presence of added nutrient supported growth of B. meseniericus and B. subtilis. Crewther, McQuade, and Pressley (unpublished data) also refer to strains of B. subtilis which attack wool.
The purpose of this paper is to report results which confirm and extend some of previously published data and to describe the occurrence, isolation, and characteristics of another aerobic, mesophilic, spore-bearing rod, which is capable of separating wool and hair into their constituent cuticular and cortical cells. 
II. ISOLATION OF THE BACILLUS
In order to study the mechanism of cyst growth, a technique was developed for producing standard, experimental, implantation dermoid cysts on the midlateral region of sheep. Three Merino and one Corriedale sheep were used, as many as three cysts being implanted on the side of a single animal. Before surgical implantation the skin was prepared by close clipping, defatted with alcohol and ether, then washed with soap and water followed by the application of "Oetavalon".
At intervals after implantation, e.g. after 5, 13, 24, and 52 weeks, the fluid cyst contents were evacuated by syringe and tested for sterility. A standard biopsy specimen was then taken from each cyst together with a sample of intracystic wool.
The aspirated cyst fluids were examined for the presence of bacteria by means of unstained and stained preparations, and by culturing aerobically and anaerobically on sheep blood agar and in Robertson's anaerobic cooked meat medium. As was to be expected, at 5 weeks all cysts were contaminated. In tubes of the cooked meat medium inoculated from two cysts from the one sheep and incubated anaerobically, proteolysis was very obvious. At 13 weeks, no evidence of bacterial contamination was shown by any cyst other than those the contents of which were previously proteolytic for meat. These cyst contents again caused rapid proteolysis.
Serial dilutions of the supernatant from an anaerobic meat culture were made, sown on blood agar, and incubated under aerobic and anaerobic conditions. The resulting culture was mixed and contained: (i) An aerobic, Gram-]-, spore-forming, motile rod.
(ii) A strictly anaerobic, Gram-l-, non-sporing, motile rod.
Heavy growth of organisms occurred at 26 and 37°0. The colonies of the aerobic organism had a characteristically heaped, mucoid appearance; those of the anaerobic organism were flat and rhizoid.
Because these organisms in mixed culture were strongly proteolytic for meat and were recovered from an environment containing wool, it was decided to examine the effect of incubating the organisms with hair. Samples of black human hair were washed with petroleum ether for 15 min, dried at room temperature, washed in distilled water, placed in 20 ml nutrient broth, and autoclaved at 120°0 for 30 min. The medium was then inoculated from an anaerobic meat culture. On attempting to remove the hair 14 days later it was found to be brittle and fractured, although macroscopically it seemed normal. Microscopically it appeared norma] along its length but was frayed at the ends; on applying gentle pressure on the coverslip the hair disintegrated and numerous, free, spindle-shaped cortical cells and flattened cuticular cells could be distinguished. In this experiment there was no surface pellicle formation and the pH value of the culture was 7·2.
At this stage it was considered that enzymic digestion of an intercellular matrix was occurring. To study this possibility and to ascertain whether the organisms responsible could utilize nitrogen from keratin alone, human hair and Merino wool were placed in separate tubes containing Kisch solution (a mineral medium free of nitrogen (Kisch 1919) ), autoclaved at 120°0 for 30 min, and inoculated from the broth-hair culture. Growth occurred in both hair and wool tubes and was accompanied by disruption of the fibre. This was much more evident for wool than for hair and was characterized by lifting of the cuticle from the cortex to form empty envelopes of cuticular cells and free cortical cells. An offensive odour, similar to that of fatty acids, noticed in anaerobic meat and broth cultures was absent from Kisch-solution cultures.
At this point subcultures prepared from salts-wool cultures showed that the anaerobic rod had not survived and that the aerobic rod had thrown two variants: rough and mucoid. Therefore it was decided to investigate the aerobic organism.
On successive transfers in mineral medium growth improved and pigmentation was noticed; wool fibres near the surface of the fluid were coloured pink and showed large numbers of adhering organisms.
III. OLASSIFICATION OF THE ORGANISM
In order to identify this microorganism among the aerobic, mesophilic, sporeforming bacteria, reference was made to the classification and biochemical reactions used by Smith, Gordon, and Olark (1946) . Eight strains, distinguished by slight variation in colony form, were selected from broth and salts cultures for examination. As the parent strain a mucoid colony was selected and a rough colony type as a variant. In successive transfers the latter seemed to be the more stable.
The following characteristics were observed:
Vegetative rods.-There was great variation in morphology, rods 0·5-1·0 fL by 1-5 fL being seen; arranged as single cells or in chains up to 50 fL; ends rounded; uniform or granular staining of cytoplasm; Gram+; motile in an 18-hr nutrient broth culture, but non-motile and spore-forming in mineral medium.
Sporangia. PhY8iological reaction8.-Fermentation reactions resulted in the production of acid without gas from glucose, maltose, sucrose, fructose, mannitol, arabinose, mannose, salicin, dextrin; variable reactions with inulin and glycerol; no reaction with lactose, galactose, raffinose, rhamnose, and xylose.
Acetylmethylcarbinol was produced as judged by the Voges-Proskauer reaction, citrate was utilized for growth, and hydrolysis of the following substances occurred: starch, gelatin (10 days), casein, egg yolk (7 days), egg white, and coagulated serum. Neither indole nor hydrogen sulphide was produced and nitrate was not reduced to nitrite. Methylene blue was reduced and was not reoxidized in 21 days.
The above reactions were obtained with seven of the selected strains; one strain, however, differed in giving a rough granular growth on potato, poor growth in citrate, and although it initially reduced methylene blue, this was reoxidized in 5 days. In wool-salts medium this strain failed to produce pink pigmentation, and splitting of the fibres was negligible.
From the above characteristics it would appear that the organism belongs to group I of the genus Bacillus (Smith, Gordon, and Clark 1946) . It resembles the organism that Waters (1932) associated with "pink rot" and probably is a variant with characteristics between those of B. subtilis and B. pumilus.
IV. EFFECT OF THE ORGANISM ON WOOL
To correlate the above biochemical reactions with the ability to degrade wool fibres, eight tubes each containing Kisch solution and Merino wool fibres were inoculated with one of the eight colony types and incubated at 37°C. The fibres had first been washed for 15 min in petroleum ether at room temperature, washed in distilled water, then placed in 10 ml Kisch solution and sterilized by autoclaving at 120°C for 30 min. The cultures were examined after 14 days. Deep pink pigmentation was found to be characteristic of degradation of Merino wool. In a similar experiment other keratinous fibres were used as a nitrogen source. There was slight pigmentation with Corriedale wool and no pigmentation with bandicoot (Perameles nasuta) and human hair.
The pigmented material lay on the surface of the salts solution as a light surface growth and was concentrated on the fibres near the surface. Unstained preparations showed numerous organisms, often in long filaments, surrounding the fibres. The completeness of the degradation, as judged by the presence of free cortical cells, is positively correlated with the intensity of pigmentation. As previously mentioned, one of the strains selected for examination did not produce pigment or extensive degradation of wool.
Fibres (mounted in water), which appeared to be normal and could be removed intact from the salts solution, could be disintegrated by applying gentle pressure to the coverslip (Plate 1, Fig. 1) . The cuticular cells, separated from the cortical cells, were observed as empty envelopes or as fragments of a few overlapping flattened scales. Spindle-shaped cortical cells were seen clearly, either separated within the cuticular sheath or as free cells (Plate 1, Fig. 2) .
At 14 days the appearance was indicative of selective removal of an intercellular matrix, as in the early enzymic digestion of reduced wool by trypsin. At 56 days the amount of wool seemed to have diminished and to consist of short lengths and free cells in a compact mass at the bottom of the tube (Plate 2, Fig. 1 ). When such fragments were placed on a slide and gentle pressure applied to the coverslip, individual cortical cells could be disrupted or teased apart to reveal an intracellular, fibrillar structure, indicating the removal or breakdown of an intracellular matrix (Plate 2, Fig. 2 ). Prior to application of pressure small fragments resembling fractured fibrils were seen, probably indicating eventual digestion of keratin. These observations are in accord with those of Rock, Ramsay, and Harris (1941) on the enzymic digestion of reduced wool.
Because wool fibres previously soaked in an alkaline medium are susceptible to enzymic attack (Crowther 1956), the pH value of the salts medium was determined during the course of the observations. On preparation, the pH value of Kisch solution was 7·3; of Kisch solution and wool after autoclaving at 120°0 for 30 minutesc Br S; after 14 days incubation, 7,5-7,9; after 56 days, 6·8 (control at 56 days, 6·4); after 84 days, 6· 1. Mercer (1953) showed that wool fibres cut into short lengths and heated at 120°0 for Ii hr underwent supercontraction, after which the ortho-cortex was more susceptible to enzymic digestion. Crowther (1956) also showed that wool autoclaved in water for 1 hr at 120°0 was susceptible to tryptic attack.
In order that the breakdown of wool could be evaluated, wool fibres prepared as before were placed in Kisch solution and autoclaved at 120°0 for 30 min. These fibres were susceptible to attack by crystalline trypsin (Armour) and were then easily fragmented and free cortical cells were seen. When fibres were not autoclaved they were resistant to enzymic attack. Thus, although some method of sterilizing the wool fibre is necessary before the effect of the organism in pure culture can be examined, autoclaving at 120°0 for 30 min, a procedure necessary to sterilize wool when contaminated with spores, increases the susceptibility of the fibre to enzymic digestion.
A further experiment was planned to show the effect of the organism on defatted, un sterilized wool. A sample of Merino wool was defatted by soaking in petroleum ether for 10 min, then allowed to dry in air at room temperature. The defatted wool fibres were placed in a 40-day culture of the organism containing autoclaved Merino wool in Kisch solution. The culture (suspension of organisms) was transferred to another tube, care being taken not to disturb the degraded and fragmented wool fibres at the bottom of the tube. The defatted, unsterilized wool fibres were then placed in this culture, of pH value 7· 3. Ten days later wool fibres were removed and, on microscopic examination, cuticle cells were seen to be lifting from the partially fractured fibres. After 14 days dis~uption of the fibres had proceeded further and when gentle pressure was applied free cortical cells were seen, as in Plate 1, Figure 1 .
To determine if contaminants had been introduced with the defatted, unsterilized wool the culture at 14 days was tested on blood agar. Mucoid, rough, and smooth colonies were observed and stained preparations from each showed the colonies to be composed of Gram + rods. If a contaminant had been introduced into the pure culture it had not survived or it was indistinguishable from the test organism.
V. DISCUSSION An aerobic,mesophilic, spore-forming rod isolated from experimental cyst contents has been shown to utilize degreased autoclavedwool as a sole source of nitrogen. Water-soluble material such as urea and uric acid (Bolliger 1951; Bolliger and Gross 1952) extracted from wool fibres during autoclaving could be expected to provide the nitrogen source necessary for initial growth. However, as Crowther (1956) has emphasized, this does not mean that the organism will attack native wool protein, since it has been demonstrated that sterilization (autoclaving at 120°0 for 30 min), "disorders" the protein sufficiently to allow digestion by trypsin.
Evidence is presented, however, that this organism can attack native wool protein. Defatted, unsterilized wool was degraded in a manner similar to that described for autoclaved wool. Samples of intracystic wool from all experimental sheep were examined. Degraded wool, as evidenced by the presence of free cortical cells, was found only in cysts of one Merino sheep; these cysts had given evidence of contamination on all occasions when examined. The cyst contents from the other animals gave no evidence of contamination at 13 weeks. Thus it would appear that the keratinolytic organism was in this instance able to adapt itself successfully to the new environment.
The intracystic environment has not been investigated except for periodic determinations of the pH value of cyst contents.* Crewther (1956) showed that the soaking of wool (extracted with petroleum ether and ethanol at room temperature) in buffers influenced the susceptibility to tryptic attack but that at 40°0 there was evidence of digestion only when the pH of the pretreatment buffer exceeded the value of 9. As yet there is no evidence that intracystic wool would be disordered by continued soaking in cyst fluids which are presumed to be a combination of suint and tissue exudate. Koh, Santoro, and Messing (1958) reported the elaboration of keratinolytic enzymes by Aspergillus flaous and A. niger, as judged by their effect on partially degraded wool, hoof meal, or defatted wool as the sole source of carbon and nitrogen. They found that keratinolytic enzymes were not produced in the presence of chicken feathers or defatted human hair as substrate or when the organisms were grown in broth.
In this study it was also found that the nature of the substrate and medium influenced the ability of the organism to degrade keratinous fibres. When hair or wool broth media were inoculated, a heavy, surface pellicle usually developed as in nutrient broth, but disruption of the fibres occurred only in old cultures. With salts cultures containing hair or wool, surface growth was scant but disruption occurred more rapidly. These observations suggest that the organisms preferentially utilize the more readily available nitrogen source in nutrient broth and attack hair or wool only when this nitrogen source has been depleted. In all cases wool was attacked more rapidly than human hair.
An interesting aspect of the metabolism of this organism is the production of pink pigment, which is best developed in salts-Merino wool medium. This pigmentation is of particular interest when the aetiology of fleece rot is considered. Fleece rot ("water rot" as described by Seddon (1931) ) is an abnormality of the fleece of sheep which follows prolonged exposure to rain. It is characterized by superficial *The pH of the contents of a cyst containing disrupted wool measured at 8, 13, 24, and 36 weeks ranged from 6·8 to 8·0. dermatitis and a serous exudate which on drying causes matting of the wool fibres (Hayman 1953) . The affected wool becomes hard and stringy and in severe cases may be easily plucked from abnormal areas of skin. Pigmentation of the wool mayor may not also be associated with fleece rot.
Chromogenic bacteria have been shown by Seddon (1937) to be the cause of the coloration associated with fleece rot and these colorations either persist in the fibres or can be scoured out. However, Waters (1932) described a condition he termed "pink rot", in which the wool was pigmented and underwent disintegration. The causative organism was an aerobic, mesophilic, spore-forming rod, and was capable of breaking wool into individual cells in vitro. Hayman (1953) , in producing fleece rot experimentally, mentions a pink coloration and rotting which developed after incubating moist wool for 3 weeks. No mention is made of a causative organism.
In the present study it would appear that one of the animals in the series carries a keratinolytic organism; this organism was isolated from experimental implantation cysts and is described herein. The technique of cyst implantation in this instance permits the reproduction of the environmental conditions necessary for the development of pink rot-wool exposed for a long period to bacteria in a fluid medium (suint and inflammatory exudate).
Since the cyst contents of the other animals in the series gave no evidence of bacterial contamination 13 weeks after implantation and the intracystic wool appeared to be normal, there is every indication that this technique of cyst implantation could be developed, possibly in conjunction with the use of antibiotics, to provide a source of sterile native (i.e. untreated) wool. Such a technique would also be valuable in providing sterile adult skin for tissue culture.
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